We have investigated conditions for making nanoindents on a polycarbonate using a carbon nanotube tip in terms of structural stability of the nanotube tip. Even under a weak force of ∼ 50 nN acting in the axial direction to the nanotube, the indents with mean depth of 3.91 nm were successfully realized on the polycarbonate in air at room temperature. In this case, there were no structural changes of the nanotube tip after 51 indentation experiments from observations using a transmission electron microscope. This could be achieved by using not only a low-force condition but also by the appropriate shape of the nanotube tip.
Introduction
Carbon nanotubes are widely used in atomic force microscopes (AFMs), [1] [2] [3] [4] [5] [6] [7] [8] because the nanotubes are well known to have high aspect ratios, small tip radii of curvature and high stiffness. The Euler's buckling force for the nanotubes with the Young's modulus of ∼ 1 TPa is expected to be higher than that for conventional materials with the same geometry. Furthermore, the strength required for the compressive collapse force of the nanotube body is on the order of ∼ 100 GPa, which is about two orders of magnitude greater than that for conventional materials. 9, 10) Due to its high strength, the nanotube tip offers the possibility of mechanical processing in the nanometer-scale region on soft material surfaces such as organic polymers or biological samples.
Recently, we have demonstrated the fabrication of a nanoindent array on a polycarbonate surface using the nanotube tip without any chemical reactions in air at room temperature. The force of ∼ 3 µN for forming the indents acts in the axial direction to the nanotube with a diameter of 28 nm, which corresponds to the pressure of ∼ 5 GPa on the nanotube cross section.
11) The resultant indent width and depth were ∼ 30 nm and ∼14 nm, respectively. The body of the nanotube retained its original cylindrical shape under high compression due to the high strength of the nanotubes. Although this pressure was much smaller than that for the compressive collapse force of ∼ 100 GPa, the plastic deformation of the cap of the nanotube tip was induced by the excess force and/or the asymmetric structure of the cap after 14 indentation experiments. In order to apply nanoindentation for information storage, a crucial point is the structural reliability of the nanotube cap used for the indentation.
In this study, we report on the nanoindentation properties of the nanotube tip on organic polymer surfaces in terms of the stability of the cap structure of the nanotube tip.
Experiment
Carbon nanotubes were synthesized by a well-controlled DC arc discharge method. 12) A commercially available Si tip with the spring constant of 20-40 N/m was used for the base of the nanotube tip. The nanotube tip was fabricated by the scanning electron microscope (SEM) manipulation method under direct view of the field emission SEM. The fabrica-tion of carbon nanotube probes using SEM manipulation is described in refs. 6-8. An uncoated digital versatile disk (DVD), which was made from polycarbonate with thickness of 1.2 mm, was used as a sample. The nanoindentation experiments were performed with force curve measurement using a tapping-mode AFM in air at room temperature. The surface morphologies of the DVD surface before and after the experiments were observed using a tapping mode AFM with the same nanotube tip. The structural changes of the nanotube after the indentation were observed by transmission electron microscopy (TEM) with accelerating voltages of 100-200 kV.
Figures 1(a) and 1(b) show an SEM and a TEM image of a carbon nanotube tip used in the indentation experiment, respectively. The nanotube has a length of 830 nm and a diameter of 33 nm for the body without an amorphous carbon layer as estimated from the TEM image shown in Fig. 1(b) . The whole nanotube was covered with an amorphous carbon layer which was deposited during the SEM manipulation and/or the TEM observation. It is noted that the diameter is much larger than the average diameter of 10 nm for our arc-discharge produced nanotubes. The angle between the substrate for the indentation and the nanotube was checked by another view angle of the SEM images and was ∼ 90
• . The Euler's buckling force F B for the nanotube is estimated from
(a) where L is the length of the nanotube, λ the constant defined by the conditions of both ends of the nanotube, I the moment of inertia of the nanotube given by I = π(a 4 − b 4 )/4, and a and b the outer and the inner radii of the nanotube, respectively. We expect that the Euler's buckling force of the nanotube tip with the diameter of 33 nm is ∼ 25 times larger than that with the diameter of 10 nm and the length of ∼ 400 nm. Assuming the Young's modulus of the nanotube of 1 TPa, the buckling force is roughly estimated to be ∼ 500 nN. The shape at the very tip of the nanotube including the amorphous carbon layer is hemispherical with the diameter of ∼ 26 nm and the tip has a cone angle of around 10
• . Figure 2 shows a typical dependence of the tapping amplitude on distance for forming the indent. In order to prevent the cap deformation, the applied force for the nanotube tip is reduced to less than 100 nN. The tapping amplitude proportionally decreases with the distance and becomes ∼ 0.09 at the distance of −90 nm. For all of the indentation experiments, the shortest distance was limited by the tapping amplitude in order to control the force acting on the tip. The force acting on the tip at the amplitude of ∼ 0.1 was estimated to be around 50 nN from the spring constant of the Si cantilever of ∼ 20 N/m and its resonance parameters.
Results and Discussion
13) The force curve exhibits no specific structures such as jumps or bumps due to the buckling of the nanotube. In the case of the nanotube tip with low bucking force such as the diameter of ∼ 10 nm and the length lager than 500 nm, the tapping amplitude sometimes recovers for the force curve measurements due to the buckling of the nanotube. Consequently, the nanotube used in the experiment is sufficiently stiff for nanoindentation under the compression force of ∼ 50 nN. Figure 3(a) shows an AFM image of the DVD after the nanoindentation experiment using the nanotube tip. It is found that there are many dimples with the depth of ∼ 3 nm on the DVD surface before the experiment. The indents were successfully fabricated under the compression force of ∼ 50 nN. Figure 3(b) shows a depth profile of the indentation indicated by the white line shown in Fig. 3(a) . The depth and the full-width at half maximum (FWHM) of the indentation are ∼ 6 nm and 20 nm, respectively. It is noted that the 'true' size of the indentation is larger than the measured size, because the same nanotube tip was used for imaging and in- denting. The profile deconvoluted by the tip shape is also indicated in Fig. 3(b) , where the tip shape was assumed to be hemispherical with the diameter of 26 nm. Since the polycarbonate was deformed not only plastically but also elastically under the compression of the indentation, the depth of the indent under the compression is deeper than the resultant depth of the indent. Consequently, the size of the indent becomes lager than that of tip at the depth of 6 nm. The mean depth for indents and their standard deviation are 3.91 nm and 1.4 nm, respectively. The deviation originates from not only the hardness distribution of the DVD surface but also from the surface roughness. The surface roughness induces inaccuracy of the depth of the indents and the force acting on the tip. From the point of view of information storage using this method, further improvements of uniformity of the indents are required and might be achieved using a flat polycarbonate layer fabricated by a spin coating method. Figure 4 shows the TEM image of the nanotube tip after 51 indentation experiments. There are no structural deformations of the nanotube tip even after 51 indentation experiments. It is noted that the covered amorphous carbon layer observed in this image was damaged by the electron beam irradiation during the TEM observation at the acceleration voltage of 200 kV. The normalized force acting in the axial direction to the nanotube was estimated to be ∼ 0.1 GPa from the cross section of the nanotube and the force of 50 nN. We have already reported the deformation of the cap structure under a relatively high compression force of ∼ 5 GPa. 11) In the report, the cap shape was not hemispherical but wedge-like with a cone angle of ∼ 30
• and the boundary between the cap and the body had an angle of ∼ 150
• . Consequently, the cap deformation was induced by the concentration of the force at the boundary. On the contrary, since the nanotube tip used in this report has a hemispherical cap and the cone angle of ∼ 10
• which is smaller than that mentioned above, the influence of the force concentration on the cap deformation is effectively reduced. Thus, we have succeeded in the formation of 51 indents on the DVD surface without degradation of the nanotube structure by the limitation of the force and the selection of an appropriate cap structure of the nanotube.
Conclusions
We have investigated the nanoindentation properties of the nanotube tip on a DVD surface made from polycarbonate in terms of the stability of the cap structure of the nanotube tip. Under the force of 50 nN acting on the nanotube, the indents with the mean depth of 3.91 nm are successfully fabricated and no cap deformation of the nanotube tip is found after the 51st indentation experiment as revealed by TEM observation. This can be achieved by the limitation of the force acting on the nanotube and the selection of the appropriate cap structure with respect to the indentations, namely a hemispherical tip with a small cone angle.
